To examine the role of the Oct-6 gene in Schwann cell differentiation we have cloned and characterized the chicken and zebrafish homologues of the mouse Oct-6 gene. While highly homologous in the Pit1-Oct1/2-Unc86 (POU) domain, sequence similarities are limited outside this domain. Both genes are intronless and both proteins lack the amino acid repeats that are a characteristic feature of the mammalian Oct-6 proteins. However as in mammals, the aminoterminal parts of the chicken and zebrafish Oct-6 proteins are essential for transactivation of octamer containing promoters. By immunohistochemistry we have found that the chicken Oct-6 protein is expressed in late embryonic ensheathing Schwann cells of the sciatic nerve and is rapidly downregulated when myelination proceeds. This expression profile in glial cells is identical to that in the mouse and rat. Furthermore the zebrafish Oct-6 homolog is expressed in the posterior lateral nerve at a time when it contains actively myelinating Schwann cells. Thus despite extensive primary sequence divergence among the vertebrate Oct-6 proteins, the expression of the chicken and zebrafish Oct-6 proteins is consistent with the notion that Oct-6 functions as a 'competence factor' in promyelin cells to execute the myelination program.
Introduction
The embryonic development of multicellular animals is a highly organized process of cellular proliferation and differentiation. Extra-and intra-cellular signals ultimately lead to the expression of specific genes that define and maintain the differentiated state of individual cells in the organism. Tissue specific transcription factors play a pivotal role in these processes. These factors are encoded by gene families defined by distinct structural characteristics of their DNAbinding domain. The POU domain genes constitutes such a family of transcription factors (for review see Ryan and Rosenfeld, 1997) . The POU proteins are characterized by a 150-160 amino acid domain which can be subdivided in a carboxyterminal portion (the POU homeodomain) related to the homeodomain DNA binding proteins and a aminoterminal portion consisting of a variant helix-turn-helix motif that is a defining characteristic of this family of proteins (the POU-specific domain). More than 13 mammalian POU genes have been characterized and POU genes have been cloned from the genomes of worms, amphibians, birds and flies. Based on sequence homology and gene structure the POU genes can be subdivided into six classes (Wegner et al., 1993) .
The vertebrate class III POU genes are intronless and expressed predominantly in the developing and adult nervous system where they show considerable overlap. The Oct-6 (accession number chicken Oct-6 gene AF064608) (SCIP/Tst-1) gene is one of the most intensely studied class III genes (He et al., 1989; Monuki et al., 1989; Meijer et al., 1990; Suzuki et al., 1990) and its expression pattern is highly dynamic, complex and overlapping with other members of the class III POU gene family. Oct-6 is first expressed in the primitive ectoderm of the egg-cylinder stage mouse embryo. During gastrulation and subsequent neurulation expression is progressively restricted to the anterior primitive brain. There is a second wave of Oct-6 induction in the neurepithelium of the entire brain in the late headfold stage embryo. This expression becomes restricted to mid-and forebrain structures. At later stages Oct-6 is observed in specific subset of motor-and commissural neurons in the spinal cord and hindbrain, different mid-and forebrain structures, the skin and the neural crest derived Schwann cells of the peripheral nervous system (He et al., 1989; Monuki et al., 1989; Suzuki et al., 1990; Zwart et al., 1996) . Genetic studies in mice have shown that the Oct-6 gene plays an important role in the differentiation of peripheral glial cells. In the absence of Oct-6 Schwann cells fail to mature on schedule leading to a transient arrest at the promyelin stage and a 1-2 week delay in the onset of myelination, while CNS myelination is not affected (Bermingham et al., 1996; Jaegle et al., 1996; Jaegle and Meijer, 1998) .
Thus it is interesting to study the conservation of function of Oct-6 throughout evolution and take advantage of other non-mammalian vertebrate models for further analysis of this gene. The zebrafish and chicken offer several advantages among which are the accessibility of embryonic material for grafting and tracing studies and the possibility to study gene function through overexpression and ectopic expression of genes in embryos. Furthermore, comparison of cis-acting regulatory sequences that drive celltype-specific expression of the Oct-6 gene in these vertebrate species will allow the identification of evolutionary conserved DNA binding sites and the nuclear factors that bind to them. Recently a zebrafish POU gene, called zp-50, was cloned that shows highest homology to the mouse Oct-6 gene (Hauptmann and Gerster, 1996) . Based on differences in embryonic expression patterns between this gene and the mouse Oct-6 gene Hauptman and Gerster suggested that the zp-50 gene might not be the functional homologue of the mammalian Oct-6 gene. However, since genetic data obtained in the mouse suggest a critical role for Oct-6 in the Schwann cell lineage, it is important to study the expression of putative Oct-6 homologues in the differentiation of peripheral glia cells.
In this paper we report the cloning of the chicken and zebrafish Oct-6 homologues and examine their transactivation potential and expression in peripheral glial cells. Within the POU domain the chicken and zebrafish are highly homologous to the mammalian Oct-6 proteins, while sequence similarities outside this domain are limited to short stretches. We show that the chicken and zebrafish Oct-6 proteins both contain a functional aminoterminal transactivation domain lacking the simple amino acid repeats which are a characteristic feature of the mammalian Oct-6 proteins. Despite sequence divergence outside the POU domain both the zebrafish and chicken Oct-6 proteins are expressed in developing peripheral nerves of both species, strongly suggesting that they indeed represent the structural and functional homologues of the mammalian Oct-6 gene.
Results

Isolation of Oct-6 gene homologues from zebrafish and chicken genomes
Using a mouse Oct-6 POU domain DNA probe, hybridization conditions were established at which one relatively strong hybridizing band was observed on Southern blots containing zebrafish and chicken DNA (data not shown). The probe was used under these conditions to screen genomic phage libraries of zebrafish and chicken DNA. Several phage clones were recovered from both libraries. Restriction enzyme analysis and Southern blotting revealed three independent zebrafish clones. The most strongly hybridizing clone was mapped, subcloned and partially sequenced. This zebrafish Oct-6 homolog is identical to the zp-50 clone described by Hauptman and Gerster (1996) . The remaining phage clones were not further analyzed. Two different phage clones were isolated from the chicken library and were found to contain partially overlapping inserts. Oct-6 hybridizing bands were mapped, subcloned and sequenced. The restriction enzyme map of the zebrafish and chicken Oct-6 homologues genes are depicted in Fig. 1A . Both fragments contain an open reading frame not interrupted by introns. Thus, like all other vertebrate class III genes the fish and chicken Oct-6 homologues are encoded by one exon genes.
The open reading frame (ORF) of the chicken and zebrafish (and Xenopus) (Agarwal and Sato, 1991) Oct-6 genes predict that the homologous proteins are considerably smaller than the mouse Oct-6 protein (calculated molecular mass is 39 and 41 kDa, respectively versus 45 kDa for the mouse Oct-6 protein; Fig. 1B ). This difference is due to the presence of blocks of long simple sequence repeats in the mammalian Oct-6 protein directly flanking the POU domain. The proline-rich repeat carboxyterminal of the POU domain of the mouse Oct-6 protein is encoded by an inverted repeat with a 10-bp stem. It is conceivable that this sequence was lost in all other vertebrates except mammals following a replication error over this secondary structure. Shorter simple sequence expansions in the mammalian Oct-6 protein are found in the aminoterminal half of the protein (the rat and human Oct-6 protein sequence is virtually identical to that of the mouse (Monuki et al., 1989; Faus et al., 1994) and interrupt blocks of considerable amino acid conservation (Fig. 1B) . Within the POU-specific domain the proteins show 100% homology while the POU homeodomain is 99% conserved (Fig. 1B) . Furthermore, all four Oct-6 proteins have a threonine residue at position 74 in the carboxyterminal helix of the POU-specific domain and a histidine residue in position 29 in helix 2 of the POU homeodomain while all other known class III proteins have an alanine residue and a glutamine residue, respectively, in those positions. Based on these specific and overall sequence homologies (see Fig. 1D ) we conclude that the chicken and zebrafish proteins are the homologues of Oct-6 as found in mouse, rat and human.
A remarkable feature of the vertebrate Oct-6 genes is that they are encoded by DNA with very different guanine and cytosine (GC) content. The mammalian and chicken Oct-6 genes are both encoded by very GC-rich DNA sequences (72%) while the zebrafish and Xenopus genes have a much lower GC content (55%). Analysis of the organizational principles of genomes has shown that the genomes of warm-blooded vertebrates are composed of mosaics of very long DNA segments, called isochores. Isochores are compositionally homogenous and belong to a small number of families which cover a very extended GC range (Bernardi, 1993 (Bernardi, , 1995 . The base composition of genes located within isochores reflect their GC content and the compositional constraints operating on these isochores result in a bias at the third codon position. In contrast, the genomes of cold-blooded vertebrates are compositionally uniform. Although it is not known what the GC content is of the isochore in which the Oct-6 gene resides it is of interest to compare the GC content in the first, second and third codon positions of the POU domain and the whole open reading frame of the known vertebrate Oct-6 genes (Fig. 1C) . Indeed the GC content at the third codon position is considerably higher than the average GC content in mouse, chicken zebrafish and frog suggesting a tendency towards higher GC contents in both cold-blooded and warm-blooded vertebrates. However, within the conserved POU domain there is a extreme preference for GC nucleotides at the third codon position in only the warm-blooded animals (mouse and chicken). The cold-blooded animals have a GC content that is even slightly lower than that observed at the third codon position in the entire coding region (frog and zebrafish).
Mapping the transcriptional activation domain of the chicken and zebrafish Oct-6 proteins
Simple amino acid repeats are a characteristic feature of many transcription factors. Previously, we and others have determined the transcriptional activation domain of the mouse Oct-6 protein and found it to be located in the aminoterminal third of the protein. The contribution of the amino acid repeats to this transactivation function is not clear although Monuki et al. (1993) have shown that the polymorphic alanine stretch can be deleted without affecting the transcriptional activation potential of the protein.
Since the zebrafish and the chicken Oct-6 homologues lack the amino acid repeats of mammalian Oct-6, these proteins provide an opportunity to assess their role in transactivation.
To this end we performed co-transfection experiments in HeLa cells with cytomegalovirus (CMV) promoter driven zebrafish and chicken POU protein expression vectors and a rabbit b-globin reporter construct that contains an octamer sequence just upstream of the rabbit b-globin TATA box (Westin et al., 1987; Muller et al., 1988; Matthias et al., 1989) . Binding of the chicken and zebrafish Oct-6 proteins and the various aminoterminal truncation mutants to the octamer sequence (ATTTGCAT) was examined by a bandshift assay using whole cell extracts of transfected cells. As shown in Fig. 2A , full length (N1) and aminoterminal truncated (N47 and N133) zebrafish and (N77 and N150) chicken Oct-6 proteins are produced in the transfected HeLa cells and bind the octamer sequence with high affinity. This is as expected since they all contain an intact POU domain. To assess transactivation of transcription by these proteins, RNA from co-transfected cells was isolated and transcription from the reporter and reference plasmid was measured using a RNase protection assay (Fig. 2B ). Both the zebrafish and chicken proteins activate a simple promoter in a octamer dependent way (Octa; lanes 1 and 6). However, upon mutation of the octamer sequence transactivation of the reporter construct (Octa(D); lanes 4 and 10) is abolished. In addition, the transactivation potential of the chicken and zebrafish Oct-6 proteins is dependent upon an intact aminoterminal domain. As shown in Fig. 2B progressive deletions first slightly reduce (N47 and N77) and than abolish (N133 and N150) octamer dependent transactivation. Deletion of the first 47 amino acids in the zebrafish protein removes the largest block of homology in the aminoterminal region between the different vertebrate Oct-6 proteins, yet this does not significantly affect trans-activation. Only removal of the aminoterminal third of the protein results in a severe reduction of transactivation by both zebrafish and chicken Oct-6 proteins. Thus, like the mouse and rat Oct-6 proteins the chicken and zebrafish Oct-6 proteins have an aminoterminal transactivation domain. Despite the fact that the zebrafish and chicken proteins lack the characteristic short homopolymeric amino acid stretches present in the mammalian Oct-6 protein, they are capable of transactivating a minimal promoter in an octamer dependent way.
Expression of the chicken and zebrafish Oct-6 proteins in peripheral nerve development
Comparison of the primary amino acid sequence of the zebrafish and chicken proteins (Fig. 1 ) and the ability of these proteins to transactivate transcription through the octamer consensus sequence clearly identifies them as the homologue of the mammalian Oct-6 gene. However do these proteins actually have the same function? It is anticipated that homologous proteins perform the same crucial function in different vertebrates and therefore would be expressed in the same tissues or cell lineages in which their function is critically required. Genetic studies in mice have shown that Oct-6 plays an important role in peripheral glia differentiation. Thus, functionally homologous chicken and zebrafish Oct-6 proteins should be expressed in differentiating peripheral glia in these species. To examine this question we raised antibodies in rabbits against bacterially overexpressed chicken and zebrafish Oct-6 protein (aminoterminal region) and used these antisera to study the developmental expression pattern of the protein in chicken sciatic nerves and in the posterior lateral nerve of zebrafish embryos.
The specificity of the chicken and zebrafish Oct-6 antiserum used for expression analysis was verified in several ways. First, the chicken Oct-6 antiserum detects only one band of 44 kDa in Western blots of protein extracts of COS cells transfected with a vector expressing chicken Oct-6 (Fig. 3A , lane Oct-6). A protein with the same electrophoretic mobility is detected in extracts of embryonic day 17 chick sciatic nerves (Fig. 3A, lane E17 ). Both bands are indicates the position of the reference signal that is derived from transcripts correctly initiated from the plasmid OVEC reference plasmid. The reporter plasmid and reference plasmid is described in detail in (Westin et al., 1987) . 'Test' indicates the position of the correctly initiated RNA transcripts from the reporter plasmid. Lanes marked by minus signs indicate controls without transactivator plasmid. N1, N47, N133, N77, N150 refers to the amino acid position (see Fig. 1B ) at which the truncated protein is fused in frame to the short leader sequence of the pEVRF vectors (Matthias et al., 1989) . Octa indicates the octamer containing reporter plasmid and Octa(D) indicates the reporter plasmid in which the octamer sequence is mutated. Lane 11 shows the signal when the probe was hybridized to tRNA. effectively competed with bacterially expressed and purified chicken Oct-6 protein (data not shown). Second, in electrophoretic mobility shift assays (EMSA) using an octamer probe and E17 embryonic nerve extracts, the antiserum selectively supershifts a protein/DNA complex that has the same electrophoretic mobility as a complex observed with chOct-6 overexpressing COS cell-extracts (Fig. 3B and data not shown). The antibody does not react with the chicken Oct-1 protein or with the protein in the unrelated complex that runs just above Oct-6. The pre-immune serum does not affect the mobility of any of the octamer complexes observed (Fig. 3B, lane P) . Thus, an octamer-binding protein of 44 kDa is selectively detected in embryonic nerves with the antiserum raised against the aminoterminal domain of the chicken Oct-6 protein. The specificity of the zebrafish Oct-6 antiserum was tested in EMSAs using nuclear extracts of COS cells transfected with a full length zfOct-6 expression vector and the aminoterminal truncated form of zfOct-6 (N130zfOct-6). The antiserum completely supershifts the zfOct-6 complex (lanes 1 and 2 in Fig. 3C ) but does not affect the mobility of the N130zfOct-6 complex (lanes 3 and 4 in Fig. 3C ) indicating that the antiserum selectively recognizes the aminoterminal part of the zfOct-6 protein and does not recognize epitopes in the conserved POU domain of the zfOct-6 protein. Furthermore, the zfOct-6 antiserum does not cross react with the mouse POUIII proteins Brn-2 (lane 5), Brn-1 (lane 6) or Oct-6 (lane 7).
Using the chicken Oct-6 specific antiserum and a secondary fluorescent labeled antibody, Oct-6 expression in the developing sciatic nerves of chick embryos was examined by light-microscopy and was found to be high in Schwann cells (Fig. 4, lane LM) . Both the level and the number of cells stably expressing Oct-6 increase dramatically from E14 to E20, while only sporadically Oct-6 expressing cells are observed in fully myelinated nerves (P21). To correlate the regulation of the Oct-6 gene with the differentiation stage of the Schwann cells we examined the nerves using electron-microscopy (Fig. 4, lane  EM) . At E14 Schwann cells are ensheathing large bundles of immature axon fibers. The cells have typical cytoplasmic processes (sp in Fig. 4) invading the nerve fiber bundles and there is no evidence yet of a basal lamina. By E17 many cells have adopted a one to one relation with axon fibers and some cells have initiated myelination (arrowheads). A basal lamina is now visible. At E20 most myelinating Schwann cells have initiated myelination and some compact myelin is clearly visible. By P20 myelination is complete. Thus, the strong upregulation of Oct-6 expression coincides with the stage in which Schwann cells have adopted a one to one relation with the nerve fibers and initiate myelination. Like in the mouse, Oct-6 expression is extinguished in actively myelinating Schwann cells.
We examined the expression of the zebrafish Oct-6 protein in the lateral line nerve of the developing zebrafish at 72 h post fertilization (hpf) using zebrafish specific Oct-6 antiserum and a fluorescent labeled secondary antibody (Fig. 5C ). At this stage of development Schwann cells have wrapped several rounds of uncompacted myelin around large caliber axons, while lower caliber axons are grouped in families (Fig. 5B) . Some compaction of the myelin sheath is apparent in the most advanced stage of differentiation seen in Fig. 5B (arrowheads) . All nuclei in this field are Schwann cells apart from one endoneural fibroblast-like cell indicated with a star. It is anticipated from the chicken and mouse data that Oct-6 will be highly expressed in the peripheral nerve at this stage. We focused on the lateral line nerve system of the zebrafish which we visualized on whole mount embryos at 72 hpf using an antibody directed against acetylated a-tubulin (Fig. 5A) . The position of the section in Fig. 5B ,C is indicated with a dotted line. Oct-6 positive nuclei (green fluorescent signal) are found associated with axonal tubulin stained nerve fibers of the lateral nerve, strongly suggesting Schwann cell specific expression.
Thus, the expression of the zebrafish and chicken Oct-6 genes in the peripheral glia lineage of these species further corroborates our conclusion that these genes are the true homologues of the mouse Oct-6 gene. Fig. 3 . The chicken Oct-6 antibody detects a 44-kDa protein in embryonic nerves. (A) Western blot. Cell extracts were prepared from COS cells expressing chOct-6 (1) and from E17 embryonic nerves. Proteins were separated on a 10% SDS polyacrylamide gel and transferred to nitrocellulose. The chicken Oct-6 antibody detects one protein of 44 kDa in embryonic nerves and Oct-6 expressing COS cells. (B) The chicken Oct-6 antibody specifically supershifts the chOct-6 complex. Electrophoretic mobility shift assay using freeze/thaw extracts of chicken E17 embryonic nerve and a radiolabeled octamer probe. The Oct-6 and Oct-1 complexes are indicated. The immune serum (lane I) specifically supershifts (sups) the Oct-6 complex but does not affect the Oct-1 complex or the unidentified complex that migrates just above Oct-6. −, no serum added to the bandshift reaction;, I, 1 ml chOct-6 anti-serum added; P, 1 ml pre-immune serum added. The free probe was run out of the gel. (C) The zebrafish Oct-6 antibody specifically supershifts the zfOct-6 complex. Electrophoretic mobility shift assay using a radiolabeled octamer probe and nuclear extracts of COS cells transfected with expression construct encoding the full length zebrafish Oct-6 protein (lanes 1 and 2), an aminoterminal truncated form of zfOct-6 (N133zfOct-6; lanes 3 and 4), mouse Brn-2 (lane 5), mouse Brn-1 (lane 6) and mouse Oct-6 (lane 7). Addition of 1 ml of zfOct-6 antiserum completely supershifts the zfOct-6/octamer complex (sup in lane 2) but does not affect the mobility of the N133zfOct-6/octamer complex (lane 4), nor does it affect the mobility of the mouse Brn-2, Brn-1 and Oct-6 complexes (lanes 5-7).
Discussion
Sequence conservation of the Oct-6 POU domain protein in evolution
High stringency screening of genomic libraries of zebrafish and chicken with a mouse Oct-6 POU domain probe resulted in the cloning and characterization of the zebrafish and chicken orthologous genes. Not unexpectedly, both the chicken and zebrafish Oct-6 genes, like the mammalian genes, do not contain introns in their open reading frame. Class III POU genes have been found in worms, insects and all vertebrates examined. It has been suggested that the class III POU genes arose through reverse transcription of a POU domain messenger RNA molecule and integration of the cDNA in germ line genomic DNA in the pre-or early-Cambrian period. While even flatworms have class III POU genes that do not contain introns (at least not in the POU domain for which sequence information is available (Orii et al., 1993; Stuart et al., 1995) , the one class III gene present in the roundworm C. elegans, Ceh-6, has four introns (NCBI accession number z75711). Thus it is possible that the Ceh-6 gene represents the direct descendant of the primordial class III POU gene or, alternatively, the Ceh-6 gene has acquired introns since the gene arose.
Duplication of the ancestral class III POU gene, or multiple random integrations of its reverse transcribed mRNA, and recruitment of gene regulatory sequences in the vicinity of the integration or recombination site resulted in the four functional class III genes found in mammals (Kuhn et al., 1991; Hara et al., 1992; Avraham et al., 1993; Xia et al., 1993) . The mammalian Oct-6, Brn-1 and Brn-2 proteins are encoded by GC rich genes and they contain, outside their POU domains, multiple homopolymeric stretches of proline, alanine, histidine, glycine and glutamine residues. The Xenopus and zebrafish Oct-6, Brn-1 and Brn-2 proteins lack these blocks of simple amino acid repeats and are encoded by GC-poor genes. The correlation between the presence of protein domains that consist mainly of simple homopolymeric repeats and a high GC content led Sumiyama et al. (1996) to suggest that the appearance of these new protein domains during evolution in the mammalian Oct-6, Brn-1 and Brn-2 gene has been facilitated by compositional constraints (GC pressure). Since the class III POU genes are predominantly expressed in the central nervous system of vertebrates they speculate that these newly evolved protein domains have contributed to the diversification of gene regulatory mechanisms in the central nervous system of mammals and by extension to the evolution of recent brain structures like the neocortex. Although our analysis of the transactivation potential of the chicken, zebrafish and mouse Oct-6 proteins fail to provide support for this hypothesis it is possible that the simple protein domains present in the mouse Oct-6 are important in some aspects of the regulation of complex promoters in a tissuespecific fashion. This hypothesis can now be critically tested Fig. 4 . Oct-6 expression during peripheral nerve development. Chicken sciatic nerves of embryonic day 14 (E14), E17, E20 and post-hatching day 21 (P21) were analyzed for Oct-6 expression. Paraffin embedded sections of sciatic nerves were incubated with chicken Oct-6 specific antibodies. Expressing cells were visualized using a FITC coupled secondary antibody and photographed using a scanning electron microscope (LM, light microscopy). The ultra structure of the contra lateral sciatic nerve was examined using transmission electron microscopy. Electron micrographs of representative fields are shown at the stages indicated. The basal lamina is clearly visible at E20 and is indicated with an arrow. The Schwann cell processes invading the nerve fibers are labeled 'sp' (E14). The formation of the first uncompacted myelin sheaths in panel E17 are indicated by arrowheads.
in an experiment in which the chicken or zebrafish Oct-6 gene are used to rescue the phenotype of the Oct-6 knock out animals. Does GC pressure actually facilitate the expansion of amino acid sequences during evolution? The cloning of the zebrafish and chicken Oct-6 genes allowed us to test this hypothesis. We compared the amino acid sequences of the zebrafish, Xenopus, chicken and mouse Oct-6 proteins and the GC content at the first, second and third codon position of the POU domain and the entire coding region (Fig. 1C) . The zebrafish Oct-6 (zp-50) gene is, like the Xenopus xlpou1 (Oct-6), GC-poor and the predicted zebrafish Oct-6 protein lacks long simple amino acid repeats. In contrast, the chicken Oct-6 gene is very GC-rich, like the mammalian Oct-6 genes, but the predicted chicken Oct-6 protein lacks extensive amino acid repeats. Thus, the correlation between a high GC content in the gene and the presence of amino acid repeats in the protein sequence breaks down when the chicken gene is included in this analysis. Therefore, GC pressure alone does not seem to be sufficient to allow or to facilitate the evolution of amino acid repeats suggesting a second requirement which is met in mammals but not in birds.
Functional conservation of the Oct-6 POU domain proteins in evolution
Although the primary amino acid sequence comparison of the zebrafish, chicken and mouse Oct-6 proteins identify them as the structural homologues of the mammalian Oct-6 proteins it is not evident from such a comparison that they also represent the functional homologues. In this context it is of note that the frog and zebrafish Oct-6 proteins are more homologous to each other (85%) than the mouse and chicken proteins are (73%). This is rather surprising as the fossil record suggests that the birds and mammals have a longer shared evolutionary history than the fish and amphibians (Colbert, 1969) and is corroborated by the phylogenetic relationship of many conserved regulatory genes such as sonic hedgehog (shh) and goosecoid (gsc). The avian and mammalian shh and gsc proteins show higher homology than the amphibian and zebrafish proteins (data not shown and De Robertis et al., 1994; Fietz et al., 1994) . Thus, the relationship of the vertebrate Oct-6 proteins as illustrated in Fig. 1D could suggest functional divergence of the Oct-6 genes in the fish and amphibians which could have retained or acquired certain functions that are lost or taken over by other closely related class III POU proteins in mammals and birds or their common reptilian ancestor. Consistent with this possibility is the observation that the embryonic expression patterns of the frog, fish and mouse genes are diverged. For example the zp-50 (zfOct-6) gene is expressed in hindbrain in a rhombomere 3-and 5-specific fashion while the mouse Oct-6 gene is expressed initially throughout the hindbrain, is then progressively restricted to the posterior part and is later expressed in certain nuclei such as the facial nuclei. However, there is also substantial overlap in expression in these two vertebrates: Oct-6 is highly expressed in the rostral diencaphalon in 9.5 and 10.5 dpc mouse embryos and zebrafish at equivalent stages, both overlapping with shh expression (Hauptmann and Gerster, 1996; . Also, in frogs and mice, the xlpou1 and Oct-6 genes are both expressed in skin (Agarwal and Sato, 1991) . Thus, both the structural and the expression data are consistent with the possibility that the Oct-6 homologues serve conserved and diverged functions in vertebrate development. Indeed, extensive overlap in expression patterns of the closely related class III POU genes does provide a fair degree of redundancy allowing for the diversification of expression patterns and function of the individual class III genes in different vertebrate species. For example, while both the frog and mouse, but not zebrafish, Oct-6 gene is highly expressed in skin, genetic evidence in mice suggest that Oct-6 function in skin is redundant (Andersen et al., 1997) . Therefore, when considering whether the chicken and zebrafish Oct-6 genes represent functional homologs of the mammalian Oct-6 gene it is relevant to examine and compare the expression of these genes in those cell lineages in which the gene plays a pivotal role. We therefore examined the expression of the chicken and zebrafish Oct-6 proteins in peripheral nerve development.
In all higher vertebrates, Schwann cells originate from the multipotent neural crest and proliferate and differentiate in intimate contact with the outgrowing axon (Jessen and Mirsky, 1992) . The generation and survival of Schwann cells relies on axonally derived neuregulins and their receptors expressed on the Schwann cell membrane (Shah et al., 1994; Riethmacher et al., 1997) . Schwann cell precursors differentiate through a series of well defined stages to give rise to the two mature phenotypes observed in the adult nerve; myelinating Schwann cells associated with one large caliber axon and non-myelinating cells esheathing multiple lower caliber axons . Oct-6 is not expressed in the neural crest but is induced in the Schwann cell precursors, is upregulated in premyelinating cells reaching maximum levels when Schwann cells cease to proliferate and establish a 1:1 myelinating relationship (promyelin stage) with large caliber axons or ensheath multiple small axons. Oct-6 expression is subsequently extinguished in the terminally differentiating Schwann cell (Scherer et al., 1994; Blanchard et al., 1996; Jaegle and Meijer, 1998) . Mice carrying a null mutation for the Oct-6 gene show a marked delay in peripheral nerve maturation with Schwann cells transiently arrested at the promyelin stage suggesting that Oct-6 is a positive regulator of genes important for the transition from promyelin into actively myelinating cells (Bermingham et al., 1996; Jaegle et al., 1996) . Thus like other vertebrate POU genes Oct-6 is involved in lineage progression but not in lineage determination. The chicken Oct-6 gene is similarly regulated as the mouse gene; the gene is induced in Schwann cell precursors, upregulated in premyelinating cells and extinguished in myelinating cells, strongly suggesting conservation of gene function and of the mechanism by which the gene is regulated. Also, the zebrafish Oct-6 gene is highly expressed in Schwann cells of the developing peripheral nerve at a time that these cells start myelination, analogous to what is observed in mouse and chick. By what mechanism Oct-6 expression is regulated in the Schwann cell lineage is at present unknown although in vitro experiments have suggested that the cAMP-PKA pathway is important for the upregulation of Oct-6 in immature cells but in vivo evidence for a role of cAMP is lacking (Monuki et al., 1989) . Recently we have identified a region in the mouse Oct-6 locus that direct Schwann cell-specific expression in transgenic mice (W. Mandemakers and D. Meijer, unpublished data). The isolation of the functionally equivalent region from the chicken Oct-6 locus and DNA sequence comparison will allow the identification of potentially important nuclear factors involved in the activation and regulation of the gene and will be helpful in further functional dissection of this DNA region. This type of phylogenetic approach to dissect gene regulatory mechanisms has been highly successful, for example, in the elucidation of the mechanism by which Hoxb-1 expression in rhombomere 4 is regulated (Popperl et al., 1995) .
On the basis of the comparative data presented here we conclude that the chicken and zebrafish Oct-6 genes represent the homologs of the mammalian Oct-6 gene. This work provides the basis and the tools for a further comparison in expression pattern in these different vertebrates, in particular in the brain, identification of conserved regulatory mechanisms and functional studies across large evolutionary distances.
Materials and Methods
Cloning of zebrafish and chicken Oct-6 genes
Genomic phage libraries of chicken (Clontech CL1012J) and zebrafish (a kind gift from Barbara Jones and Martin Petkovich) were screened with a mouse Oct-6 fragment encompassing the POU domain. DNA from strongly positive clones was used as a template in a polymerase chain reaction (PCR) with fully degenerate primers. These primers correspond with the FAKQFK and the WFCNRR peptide sequences within the aminoterminal POU domain and the carboxyterminal homeodomain, respectively. Amplified fragments were cloned and sequenced. Clones that showed the highest homology to the mouse Oct-6 POU domain were further characterized by restriction fragment analysis and sequencing.
Transactivation assay
HeLa cells were transfected with 15 mg reporter plasmid, 2 mg reference plasmid and 3 mg of the POU factor expression plasmid using the DEAE-Dextran procedure of Holter et al. (1989) . The reporter, reference and CMV based expression vectors were all obtained from the Schaffner lab (Muller et al., 1988) . The reporter plasmid consists of a consensus octamer site directly upstream of the rabbit bglobin gene (OCTA(2) (Muller et al., 1988) ) and an SV40 enhancer downstream. A plasmid in which the octamer site was mutated was used as a control for octamer dependent transactivation (Octa(D)). Cells were harvested 30 h after transfection. RNA was extracted with the lithium/urea method of Auffray and Rougeon (Auffray and Rougeon, 1980) . After the removal of any residual plasmid DNA with Dnase1, 10 mg RNA was hybridized to a 32 P-labeled SP6 RNA polymerase generated RNA probe that spans position −37 to +179. Hybridization products were digested with 5 units Rnase1 (Promega) at 37°C for 30 min and separated on a 6% polyacrylamide/8 M urea gel.
Expression vectors encoding full length or aminoterminal truncations of zebrafish and chicken Oct-6 protein were generated by cloning different restriction enzyme fragments in frame in the appropriate pEVRF plasmid (Matthias et al., 1989) . Overexpression of the proteins in COS cells and bandshift experiments were done as described previously (Meijer et al., 1992) .
Generation of antibodies against chicken and zebrafish Oct-6
A 670-bp NcoI-Asp718 genomic fragment encoding the aminoterminal part of the chicken Oct-6 protein was cloned in frame in the IPTG inducible bacterial expression plasmid pQE9 (QIAGEN). This creates a fusion Oct-6 protein with 6 Histidine residues at its aminoterminus. Overexpression in E. coli M15 and purification of the protein was done as described (QIAGEN). Purified protein was resuspended in Freund's incomplete adjuvants and injected into New Zealand white rabbits. Serum was collected after the fourth immunization. The same protocol was followed to raise an antiserum against the zebrafish Oct-6 aminoterminal domain (AA 1-134).
Immunohistochemistry and electronmicroscopy
Chicken sciatic nerves were dissected from chick embryos and young chicks at different stages of development and fixed in 60% methanol/3.7% para-formaldehyde (PFA). Zebrafish embryos were allowed to develop at 28.5°C and were staged according to Kimmel et al. (1995) . Embryos were fixed in 4% PFA. After dehydration and paraffin embedding 6-mm sections were cut and mounted on gelatin coated microscope slides. Antibody incubations were performed in PBS/0.05% Tween-20/5% fetal calf serum. The primary antibody was used at a dilution 1:200 (anti-chicken Oct-6 and zebrafish Oct-6) and incubated overnight at room temperature. After extensive washing the sections were incubated for 2 h at room temperature with an fluorescein isothiocyanate (FITC) coupled goatanti-rabbit secondary antibody (Nordic). The anti-acetylated tubulin monoclonal antibody was obtained from Sigma.
Sections were viewed and photographed using a Zeiss confocal laser microscope or a Leica fluorescence microscope. Sciatic nerves to be processed for electronmicroscopy were immersion fixed in 1% gluteraldehyde, 3% paraformaldehyde in 100 mM sodium cacodylate buffer pH 7.2. After washing the nerves were incubated in a 1% osmium tetroxide solution, dehydrated and embedded in Epon. Ultra-thin sections were stained with uranyl-acetate and lead citrate. Zebrafish embryos were immersed in 2% paraformaldehyde/1% gluteraldehyde in 100 mM cacodylate buffer pH 7.2. Sections were viewed and photographed using a Philips CM100 transmission electron microscope.
Western blotting
Protein extracts of COS cells expressing chicken Oct-6 and embryonic day 17 sciatic nerves were separated on a 10% SDS-PAGE. Proteins were transferred onto nitrocellulose by electroblotting. The blot was incubated in blocking solution (1.5% BSA/1.5% milk powder in tris-buffered saline) for 1 h at room temperature. The first antibody incubation (anti-chicken Oct-6 serum No. 1907 1:500) was carried out overnight in blocking buffer plus 0.3% nonidet-40 (NP40). After washing the blot extensively with blocking solution, the blot was incubated with peroxidase-conjugated swine-anti-rabbit IgGs in blocking buffer for 2 h at room temperature. The staining reaction was carried out using DAB (Aldrich).
